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1. Abstract  
Volcanic eruptions are natural hazards due to their explosive nature and widespread 
atmospheric transportation and deposition of ash particles. After deposition and 
subsequent leaching in soils or water bodies, volcanic ash can lead to chemically altered 
water, positively and negatively impacting the health of flora and fauna, including 
humans. This study determined the control of ash surface area and chemical composition 
on ash dissolution rates. Fresh, unhydrated ash samples from four volcanoes with diverse 
environments and morphology, from Pele’s spheres to dusty vesicular ash, were analyzed 
in the laboratory. Column Leachate Tests (CLT) were used to compare leaching rates 
over a range of basaltic to andesitic ashes as a function of time and surface area, to 
recreate the effects of ash deposition. Ash morphology was characterized on the SEM 
before and during leaching in order to calculate geometric surface area. Specific surface 
area was quantified throughout the leaching experiment by multi-point Brunauer Emmett 
Teller (BET) analysis. It was found that surface area, measured both geometrically and 
by BET, generally increases for a short time, gradually decreases, then increases over the 
rest of the leaching experiment, due to area to mass ratio fluctuations. After the CLT, 
post-leaching water analyses for elemental compositions were conducted by ICP-MS and 
IC. Steady state dissolution rates initially decayed rapidly due to the smallest size fraction 
of ash (dust) which provides high surface area with a great amount of fresh leachable 
surfaces as well as the rapid dissolution of highly soluble metal salts. Some water 
concentrations of elements of concern to human and ecosystem health such as F, Cd, Se, 
As, Cr, were above WHO drinking water standards after the first hour after ash 
deposition completes, depending on bioaccumulation and chronic exposure, the water 
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may be safe for consumption. This has applications to emergency response and 
preparedness in volcanic regions.   
 
2. Introduction      
Volcanic eruptions are natural hazards due to their explosive nature and widespread 
transportation and deposition of ash particles. After deposition and subsequent leaching 
in soils or water bodies, volcanic ash can lead to chemically altered water, positively and 
negatively impacting the health of flora and fauna, including humans. Ash morphology 
and chemistry varies around the world depending on tectonic setting. Subduction zone or 
hot spot volcanoes located on oceanic crust often produce physically and chemically 
varying mafic ashes, and volcanoes on continental crust typically produce a range of 
silicic ashes. Both chemistry and morphology can vary widely and effect the rate of 
leaching anions and cations into the environment. 
This study characterizes the geochemical effect of ash leachates, the liquid byproduct 
after ash encounters water, on the natural environment by determining the impact of ash 
morphology and chemistry on dissolution rates. By studying the water chemistry after 
contact with volcanic ash from various eruptions, potential hazards and benefits can be 
identified for specific volcanic ash compositions. This study aims to bring a better 
understanding of the controls on leaching rates and consequently how diverse ash 
leachates affect the environment over time. 
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3. Scope and Implications  
3.1 Scientific Scope 
This study provides a natural analog for the geochemical effects of ash leachates on the 
natural environment. Ash leachate studies have been completed both in the field and the 
laboratory (Frogner et al., 2001; Witham et al., 2005; Frogner Kockum et al., 2006; 
Flaathen and Gislason, 2007; Jones and Gislason 2008; Genareau et al., 2016; Bosshard-
Stadlin et al., 2017; Cangemi et al., 2017), including studies of leachate chemistry from a 
range of compositions from andesitic to basaltic ash (Jones and Gislason, 2008). Similar 
leachate studies have used previously weathered ash (Jones and Gislason 2008; Genareau 
et al., 2016), while others use unhydrated pristine ash (Gislason et al., 2011, Olgun et al., 
2011; Cronin et al., 2014) to understand various environmental geochemical conditions 
and processes, post volcanic eruptions. For this study, pristine ash is used and defined as 
natural ash, collected immediately after an eruption, that has not been altered naturally by 
precipitation (unhydrated) or mechanically in the lab. Pristine ash provides the 
opportunity to understand how natural ash morphology and volcanic dust affect surface 
area. There has yet to be a study which quantifies the effects of surface area (ash 
morphology) and chemistry on leaching rates over time. Previous studies have assumed a 
non-changing surface area (Wolff-Boenisch et al., 2004; Jones and Gislason 2008). In 
this study, ash surface area was measured throughout four distinct, week-long leaching 
experiments, which provided us with a greater understanding of how dissolution rates 
were impacted by changing surface area. Understanding surface area fluctuations in 
conjunction with leachates from pristine ash allows us to better understand how people 
and the ecosystem are impacted by chemically altered water during and throughout a 
  4	
volcanic eruption. This has applications to emergency response and preparedness in 
volcanic regions.   
  
3.2 Implications 
Volcanic eruptions consistently affect the global ecosystem, and while some hazards are 
well known, geochemical impacts from ejecta are not as well understood. There are many 
geologic hazards caused by volcanoes such as tephra fall and ballistic projectiles, 
volcanic gas emissions, lava flows, earthquakes, tsunamis, landslides, lahars, and 
pyroclastic density currents (PDCs); all of which are common, well-known hazards. 
Other volcanic hazards affect technology such as aviation dangers (Albersheim and 
Guffanti, 2008) recently seen in 2010 when the Eyjafjallajökull eruption disrupted 
European air travel (Gislason et al., 2011). There are also a wide range of human health 
impacts associated with volcanic eruptions such as inhalation dangers, building collapse, 
and drinking water contamination (Baxter and Ancia, 2002; Horwell et al., 2003; 
http://www.ivhhn.org/). This study focused on the chemical impacts of ash leachates 
from volcanic ash with varying morphology and chemical composition, which provides 
insight into how surface water may be altered by interaction with freshly deposited 
volcanic ash. Volcanic ash leachates have both poisoning and fertilizing potential; by 
contaminating water, making it unsafe for human and animal consumption, and enriching 
volcanic soils with critical nutrients.  
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4. Background   
4.1. Chemical Impacts of Ash Leachates     
Volcanic ash, after deposition on soil or in water, leaches and subsequently leads to 
elevated anion and cation concentrations. Volcanic glass is highly soluble; rapidly 
mechanically and chemically weathering, which allows us to see immediate chemical 
changes in the environment after volcanic eruptions. Volcanic ash leachates are important 
to study because it allows us to understand the positive and negative chemical impacts 
that volcanic eruptions can have on the ecosystem. Volcanic aerosols in an ash plume 
consist of acid magmatic gases (HF, HCl, SO2) that adsorb onto the surface of volcanic 
ash particles and form deliquescent metal salt encrustations (crust of highly soluble metal 
salts), such as fluorides, chlorides, and sulfates (Óskarsson, 1980; Óskarsson, 1981; 
Frogner et al., 2001; Cronin et al., 2014) (Figure 1). These encrusted surfaces are thus 
extremely water-soluble and dissolve rapidly to release ions into the resulting soil and 
surface water (Óskarsson, 1981; Frogner et al., 2001). Released nutrients and trace metals 
have both poisoning and fertilizing potential.  
The elevated concentrations of dissolved ions leached from volcanic ash, such as Cl, F, 
Al, Fe, Mn, As, Cd, Cr, Cu, Pb, Se, and Zn, can alter the pH of the water and render it 
unsafe or undrinkable for human and animal consumption (Stewart et al., 2006; Flaathen 
and Gislason, 2007; Wilson et al., 2010; Genareau et al., 2016) (Table 1).  
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Figure 1. A schematic diagram demonstrating the release of ash and gas into the atmosphere, and 
the chemical interactions between them. Acid magmatic gasses (HF, HCl, SO2) are erupted 
along with ash, water vapor and CO2. These gasses adsorb onto the ash surfaces and create metal 
salts. Ash is aggregated and begins to fall out of the ash cloud. The ash is eventually deposited, 
interacts with water, and is leached into the environment (adapted from USGS, 2010). 
Heavy metals are of particular concern when leached into the environment since they can 
bioaccumulate, may be toxic in low concentrations, and do not degrade. Although some 
ions (Mn, Fe, Na, SO42-, Zn) do not render water toxic, they still make it undrinkable for 
humans (Stewart et al., 2006). High levels of fluoride (F) have been frequently measured 
in volcanic ash leachates (Araya et al., 1990; Rubin et al., 1994; Cronin and Sharp, 2002; 
Cronin et al., 2003; Thordarson et al., 2003; Stewart et al., 2006; Flaathen and Gislason, 
2007; Cordeiro et al., 2012; Madonia et al., 2013) (Figure 2). 
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Table 1. A summary of adverse human health impacts from volcanic ash water contamination 
from Stewart et al., 2006. Concentrations are reported in mg/L.  
  
When present in very dilute concentrations, fluoride is not toxic, but when present in 
elevated concentrations or when consistently consumed, humans and animals can be 
plagued by chronic fluorosis. Skeletal and dental fluorosis can be debilitating or life 
threatening. The 1783-1784 Laki flood lava eruption in Iceland resulted in >60% of the 
grazing livestock to be decimated by the high fluoride in the surface water (Thordarson et 
al., 2003). Additionally, the effects of concentrated fluoride are harmful to plants. 
  8	
Fluoride is not essential for plant growth, but it accumulates in plants when present. This 
can be an issue because concentrated Al, also leached from ash, is also considered toxic 
to plants, and in acidic environments Al and F bind to make toxic aluminofluoride 
complexes (Frogner Kockum et al., 2006). Small amounts of Cd, Cu, Se can all lead to 
liver or kidney damage, and As can damage skin and lead to increased cancer risk. High 
concentrations of Al and Mn from ash leachates can threaten the condition and health of 
flora and fauna as was seen in the 1991 and 2000 eruptions of Hekla, Iceland (Flaathen 
and Gislason, 2007). Mn is both an essential micronutrient and toxic when found in 
excessive concentrations (Millaleo et al., 2010). Although many ions released from the 
leaching of volcanic ash can be dangerous, there are also benefits of ash deposition.  
 
Figure 2. Fluoride concentration over 0-300 days in the Ytri-Rangá River after the 1991 eruption 
of Mt. Hekla, Iceland. Dashed horizontal lines represent the upper limit for safe drinking water 
(Flaathen and Gislason, 2007).  
While some ions pose a short-term health hazard to flora and fauna, nutrients such as K, 
P, Mg, Fe, and other micronutrients derived from ash, can immediately fertilize soils and 
aide in long-term plant growth or short-term ocean fertilization. Increased Fe can lead to 
positive ecosystem effects such as ocean fertilization since it is a limiting nutrient in the 
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ocean (Frogner et al., 2001; Olgun et al., 2011; Durant et al., 2012; Browning et al., 
2015). Due to aerosol deposition in the 2010 Eyjafjallajökull eruption there was 
significant dissolved Fe input into the Iceland Basin resulting in Fe fertilization. The 
eruption had the potential to increase the dissolved Fe in the water by >0.2 nM over an 
area of 570,000 km2 (Achterberg et al., 2013). Cronin et al. (1998) studied how the 
volcanic ash from the 1995 and 1996 Ruapehu eruptions chemically affected soils in New 
Zealand. Beneficial elevated concentrations of S, Mg, K, and Se from the volcanic ash, 
were measured in the soils. These and other water soluble elements were readily available 
to be used by plants and can immediately influence soil fertility (Cronin et al., 1998). By 
understanding how volcanism harms or benefits the ecosystem, general characterizations 
can be made about ecosystem chemistry in distinctive volcanic regions. 
 
4.2 Volcanic Ash Surface Area     
Ash morphology, vesicles, particle size, and dust are all contributing factors of volcanic 
ash surface area, which in turn affects leaching rates. We define ash morphology as the 
unique shape of the individual ash particles including the external and internal 
topography. Ash morphology is partially controlled by bubbles in the melt which solidify 
into vesicles. While partial bubble imprints are seen on the outside of ash particles, some 
vesicles remain intact in the interior of the ash particles. The concentration and size of the 
bubbles in ash varies with composition and energetics. In volcanic ash particles, two 
populations of bubbles form. Pre-eruptive bubbles form deep within the conduit and grow 
due to nucleation during decompressive ascent within the conduit (Genareau et al., 2012; 
Toramaru, 2014). In some cases, a second nucleation produces another population of 
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bubbles, called syn-eruptive bubbles which are typically smaller and more abundant 
(Genareau et al., 2013; Toramaru, 2014). The Volcanic Explosivity Index (VEI) is a 
measure of the violence of a volcanic eruption (Newhall and Self, 1982) and can be 
related to bubble production. Lower VEI eruptions are characterized as less energetic 
with lesser decompression rates and produce shorter column heights, while eruptions with 
a higher VEI are more explosive and energetic and have taller column heights. As VEI 
increases, the bubbles’ number density generally increases, and therefore surface area per 
mass increases. In general, mafic ash (e.g. basaltic), contains only pre-eruptive vesicles 
and has a lower surface area, compared to silicic ash, (e.g. rhyolitic), that can have both 
size populations of vesicles, increasing the surface area of the particle. Surface area can 
also vary within chemical composition. Kilauea and Eyjafjallajökull eruptions both 
produce basaltic ash, but their morphology varies significantly. Kilauea, which has low 
energetics, produces ash spherules, created by a small rotating melt droplet shaped by 
surface tension as it cooled. These contain only a few internal vesicles, minimizing the 
particle’s surface area. However, Eyjafjallajökull ash was produced by mildly-explosive 
fragmentation resulting in irregularly shaped particles and pre-eruptive vesicles, resulting 
in a greater surface area. 
Surface area per mass is strongly controlled by particle size. Smaller particles have 
greater surface area per mass and therefore, compared to the larger size population of ash, 
the smaller population has greater leaching potential on the environment. Volcanic dust is 
an endmember of particle size, in this study considered to be any particle < 5 µm 
(Walker, 1981). Volcanic dust is likely created by fragmentation by milling and collision 
of ash particles in the upper conduit and eruptive column (Rose and Durant., 2009; 
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Langmann, 2013), although this has yet to be studied. Small fragments of ash (< 5µm) 
break off the larger particles and adhere to the surfaces of the ash particles. Similar 
processes can be seen in pebble abrasion during fluvial transport (Attal and Lavé, 2009).  
The dust increases the overall surface area of the sample. Dust is important because it can 
add a large amount of surface area and therefore increased leaching surfaces. Ash 
aggregates, the result of dust adhering onto the surface of ash particles, are bound by 
liquid-bonds, hydro-bonds, and electrostatic forces (Brown et al., 2012). Mueller et al. 
(2016) claim that the liquid binding agent (liquid-bonds) of ash aggregates are NaCl salt 
bridges. These salt bridges which form bonds allow aggregates to be preserved in the 
geologic record (Mueller et al., 2016). Hydro-bonds form in the upper troposphere as ice, 
which bind ash particles together, driving the aggregates to fall quickly out of the 
atmosphere. As humidity decreases, and there is less available water in the atmosphere, 
electrostatic forces play a larger role. It is not currently known if these forces can exist 
together or if are completely separate throughout the aggregate formation, deposition, and 
leaching process, although it is presumed that in this study the bonds are liquid NaCl 
bonds that partially dissolve over time. The balding effect (complete disaggregation) 
occurs on some ash particles, but not all, meaning that there are some bonds that remain 
intact throughout the week of experimental leaching. Although this is not the focus of this 
study, this continues to be an area of active research (Rose and Durant, 2011).  
Surface area of ash is important to understand and quantify because it can allow us to 
correctly determine volcanic glass dissolution rates. The relation of mineral surface 
morphology on dissolution rates has been previously quantified (Jeschke and Dreybrodt, 
2002), and can help determine which surface area measurement is more accurate. In the 
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present study, the surface areas are determined geometrically, which assumes perfect 
geometric shape, and by gas adsorption using BET analysis, which quantifies every 
surface including the internal vesicles. It is unknown which method better represents 
natural conditions. Therefore, it is important to compare both geometric and BET 
surfaces areas especially because they differ by a factor of ~100, which changes the 
magnitude of the calculated dissolution rate. Previous specific surface areas of volcanic 
ash have been reported to range from 1-10 m2/kg (Delmelle et al., 2005; Langmann, 
2013), whereas geometric surface areas range from 0.005-0.07 m2/kg. Wolff-Boenisch et 
al. (2004) determined that the geometric surface areas were superior over BET surface 
areas due to stronger linear regressions between the log of the measured dissolution rates 
and the silica content of the glasses for geometric normalized rates over the BET rates 
(Wolff-Boenisch et al., 2004), but Jeschke and Dreybrodt (2002), who studied the 
relation between mineral dissolution rates with surface morphology, demonstrated that 
the superior surface area measurement is dependent upon the surface morphology. If the 
entire surface contributes to leaching then BET surface area should be used when 
determining dissolution rates, but if there is a surface with deep ink bottle pores (which 
would trap water like batch experiments and not contribute to dissolution rates), it may be 
more accurate to use geometric surface area (Jeschke and Dreybrodt, 2002). Unlike a 
column leaching test (used in this experiment), which has a constant flow of source 
water, batch experiments do not have an in or out flow (ash and water are in a closed 
system) and tend to reach saturation state quickly.  
It has not yet been determined whether the leaching water only interacts with the outer 
surface of the ash, in which case geometric surface area would be a better analog, or if 
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water travels into the interior vesicles of the ash. If the latter is true, BET normalized 
rates would likely be superior. The internal permeability of volcanic ash is challenging to 
quantify, and therefore it is unknown if the water can easily flow in and out of the 
vesicles or if some water gets trapped. The trapping would cause this system to act more 
like a batch experiment. There are still many unknowns about the interactions between 
water and ash particles, and this should continue to be studied. 
  
4.3. Geologic setting 
By comparing the geochemical trends of the ash leachates from diverse volcanoes, the 
expected water chemistry, resulting from future eruptions from various volcanoes, can be 
inferred. In this study, ash samples from volcanoes with recent eruptions in Alaska, Costa 
Rica, Iceland, and Hawaii are used. 
Redoubt: Mount Redoubt (60.485°N 152.742°W) is a 3.1 km high glacier-covered 
stratovolcano in Lake Clark National Park, Alaska. It last erupted in March 2009, which 
was the first eruption since 1990. The eruption was categorized as a VEI 3, and produced 
low to intermediate-silica andesitic ash during the initial explosive phase of the eruption 
(Bull and Buurman, 2013). There was a shift in lava chemistry in early May 2009 to a 
high-silica andesite (Bull et al., 2013). This study uses the earliest explosive products 
which consist of low-silica andesites (<58 wt.% SiO2) (Coombs et al., 2013). There are 
two rivers bordering the volcano; Drift River, to the north, and Crescent River, to the 
southwest, which provide means for testing the impact of volcanic ash leaching on the 
natural environment (Bull and Buurman, 2013).  Bull and Buurman (2013) provide a 
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comprehensive overview of the eruption specifics, while Coombs et al. (2013) present an 
overview of the ash chemistry evolution.  
Turrialba: Turrialba (10.025°N 83.767°W) is a 3.3 km stratovolcano in Costa Rica. It 
has been erupting intermittently since September 2016 and has continued emitting 
volcanic ash into March 2018. Geochemical analyses of the volcanic rocks from the 
region indicate a range of basaltic to dacitic lavas (Di Piazza et al., 2015). The eruption 
on May 20th, 2016, characterized as a VEI 3.1, produced an ash column that rose ~ 3 km 
above the crater. There have been health and safety concerns in the area, mostly due to 
high emissions of volcanic ash and gases (De Moor et al., 2016). 
Eyjafjallajökull: Eyjafjallajökull (63.633°N 19.633°W) is a 1.7 km stratovolcano 
located in southern Iceland. It last erupted in April and May of 2010. Considered a VEI 4, 
it emitted far spreading ash that reached southern parts of Europe (Gudmundsson et al., 
2012) and severely inhibited air travel (Fu et al., 2015). The eruption caused ecological 
and economic damage and the ash plume rose 9 km above sea level (Cioni et al., 2014). 
The closest rivers to Eyajafjallajökull, Markarfljo ̈t and the Jo ̈kulsa ́ ı ́ Solheima rivers, 
were both chemically affected by ash deposition (Bau et al., 2013). This is a promising 
confirmation that the ash deposition affected the nearby surface waters. Unfortunately, 
we cannot directly compare the results of our study to this study as Bau et al. (2013) were 
interested in the distribution of REE. A study completed after the eruption in 2010 
measured the concentrations of Fe in the ocean and found that the water had been 
fertilized from the Fe leached from Eyjafjallajökull ash (Achterberg et al., 2013).  
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Kilauea: Kilauea (19.421°N 155.287°W) is a 1.2 km high shield volcano located on the 
Big Island of Hawaii. It is one the of longest active eruptions, which began in 1983. 
Kilauea eruptions are unique due to the “fragmentation” of low viscosity, basaltic melt, 
which is different from the violent fragmentation of more viscous melts (Parfitt, 1998). 
Due to the unique processes, Kilauea produces ash in the shapes of spheroids, hair, tears, 
breadcrust tears, scoria, and reticulate tephra; dependent upon the magma drop size as 
well as cooling and evolution time of the particle (Porritt et al., 2012). The morphology 
of the pyroclasts is driven by surface tension forces shaping the particles by viscous 
relaxation before the melt has had time to cool (Porritt et al., 2012). Hawaiian oral 
traditions have passed down the volcanic history of Kilauea which has helped in the 
understanding of the evolution of the volcano (Swanson, 2008).   
5. Hypotheses        
The goal of this project has been to quantify the relative influence of ash surface area and 
chemistry on dissolution rates of specific health and environmentally relevant species 
into surface and groundwater. This was completed using column leachate tests (CLTs) 
over a week-long time interval while quantifying surface area changes throughout the 
experiment. This has implications for how flora and fauna are affected geochemically by 
different types of eruptions. 
I. Leaching rates are dependent on volcanic ash morphology and chemistry. The ash 
samples used in this study had a range of morphology and chemistry. Basaltic ash was 
expected to leach more metals per unit surface area than the andesitic ashes due to its 
mafic composition. The ash morphology which resulted in high surface area, i.e. dusty, 
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vesicular ash, was expected to initially leach at the fastest rate and produce the highest 
concentrations of ions, compared to samples with lower surface area. It was expected that 
the changing surface area was important to take into consideration when calculating 
dissolution rates over a time series. This was tested using CLT (including water 
chemistry analyses), SEM, and BET. In part, this hypothesis proved true.  
II. As ash leaches surface ions into the environment, the surface area of volcanic ash 
changes throughout the leaching experiment. Surface area as a function of time can be 
measured during a leachate experiment analytically by BET and geometrically by SEM. 
Surface area was expected to initially decrease over the time series, but then increase. 
The presence of volcanic dust on a particle would increase surface area, but as the dust 
dissolved into the leachate, surface area was expected to decrease. As the leaching 
continues, it was expected that there would be some disaggregation of the particles, 
which would increase surface area. This was tested using SEM and BET. Surface area 
analysis demonstrated that although surface area did change throughout the leaching 
experiment, the explanation portion of this hypothesis proved false.  
III. Upon ash deposition, water will be most influenced by volcanic leaching, and 
potentially unsafe for human or animal consumption, at the very beginning of 
leaching. The ash particles may have contained highly soluble metal salts that were 
expected to be rapidly released, when first in contact with water. Once near-surface 
metals were leached off the particle, interior metals would not have been easily leached. 
Therefore, the dissolved metal concentrations in the leachate would decrease and the 
system was expected to reach steady state. This initial dissolution of soluble salts into the 
water could create acids, creating a change in the pH record. The presence of small dust 
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particles on the ash surfaces was also expected to contribute to initial rapid leaching. This 
was tested with the CLT. This hypothesis tested true.  
6. Methods 
6.1 Ash Samples  
Ash samples from Alaska (Redoubt), Costa Rica (Turrialba), Iceland (Eyjafjallajökull), 
and Hawaii (Kilauea) were used to test the hypotheses listed above. Figure 3 shows 
Scanning Electron Microscope (SEM) images of representative populations of the four 
pristine ash samples prior to leaching. The bulk chemistry of the ash samples has been 
previously analyzed and published (Clague et al., 1999; Gislason et al., 2011; Coombs et 
al., 2013; Di Piazza et al., 2015; De Moor et al., 2016).  
Redoubt: Ash from Mount Redoubt in Alaska was collected from a car windshield in 
March 2009. The ash was collected soon after being deposited and had not been altered 
by precipitation or other exposure to water. The low-silica andesitic ash is angular and 
has few pre-eruptive bubbles with some dust. 
Turrialba: Andesitic ash from Turrialba in Costa Rica was collected on May 20th, 2016 
by Gino Gonzalez. Turrialba is currently active and has produced many eruptive phases. 
The ash used in this study represents just one eruptive phase that began on May 20th, 
2016. The ash is very dusty and has no obvious syn-eruptive bubbles. Another study 
collected volcanic glass in 2014 and found that the chemical composition of the ash was 
basaltic andesite to trachyandesite (an intermediate composition between trachyte and 
andesite) (De Moor et al., 2016); likely very similar to the composition of the glasses 
used  
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Figure 3. SEM images of the four pristine, unhydrated ash samples prior to leaching. Left column 
of images shows a larger population view while the right column shows one representative 
particle from each eruption: A) Redoubt ash, B) Turrialba ash, C) Eyjafjallajökull ash, and D) 
Kilauea ash. 
A
D
C
B
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in this study. The chemistry of volcanic rocks from Turrialba have been reported to range 
from basaltic andesite to dacite (Di Piazza et al., 2015). 
Eyjafjallajökull: Basaltic ash from Eyjafjallajökull in Iceland was collected by Dr. Joe 
Licciardi of University of New Hampshire on May 6th, 2010, on the south side of the 
volcano, shortly after deposition, while the eruption was ongoing. The ash has a blocky to 
coarsely vesicular morphology (Cioni et al., 2014). Gislason et al. (2011) explained 
chemical differences of the two ash phases in the eruption; from the beginning explosive 
phase (producing explosive ash) in April to what they characterize as more “typical” ash 
later on in the eruption. The comparison of BET measurements provides evidence that the 
ash used in this study, which produced an initial specific surface area of 3.3 m2/g, is more 
similar to the explosive ash (surface area of 4.3 m2/g) versus the typical ash (surface area 
of 0.43 m2/g) in the 2011 study (Gislason et al., 2011).  
Kilauea: Kilauea ash was collected in the winter and spring of 2017 by Dr. Don Swanson 
of HVO, ~ 470 meters from the vent in the lava lake in Halemaumau Crater. Kilauea 
produces basaltic Pele’s spherules, hair, tears, breadcrust tears, scoria, and reticulate 
tephra, dependent upon the magma drop size and cooling time of the particle (Porritt et 
al., 2012). In this study, Pele’s tears, spherules, and hairs are used for the leachate 
experimentation. There have been few detailed studies of Pele’s spheres, and there is 
much to be learned about the formation and characteristic of these unique pyroclasts. 
Glass spheres can be formed during various geophysical processes including lightning 
storms (Genareau et al., 2015) meteorite impacts, and low viscosity volcanic eruptions. 
Pele’s spheres have also been observed in andesitic volcanism, such as at Naka-dake 
crater. During active periods, Naka-dake crater, at Aso Volcano in southwest Japan, 
  20	
occasionally erupts black ash formed by brittle fracturing of the top of the magma column 
and can produce Pele’s hair and glass spheres from the underlying liquid magma (Ono et 
al., 1995). During the Aso eruptions, the spherules vary in color from yellow and silver 
gray in translucent glass with a thin devitrified skin, to black completely devitrified 
spherules. The spherules are most commonly associated with high temperature, low 
viscosity, basaltic explosive eruptions such as the current eruption at the Halemaumau 
crater, Kilauea volcano. The spherules are formed by rapid viscous relaxation due to 
surface tension before the spherules can cool and vitrify. Previous comprehensive studies 
mostly focused on the formation of larger tephra or Pele’s tears, but Pele’s spherules have 
been largely ignored in the literature. In this study, in addition to the leaching, a dozen 
spherules were mounted in epoxy and sanded approximately in half into order to reveal 
the interior of the ash.  
6.2 Surface Area Analysis 
Ash particles were imaged and characterized using a desktop Scanning Electron 
Microscope (SEM) at Lehigh University, and the long axis of the ash particles was 
measured using ImageJ software. No samples were sieved except for Kilauea, which 
originally had a much broader size distribution. The sizes were separated using a 
stainless-steel sieve (to minimize metal contamination (Witham et al., 2005; Jones and 
Gislason, 2008)) to include only particles < 150 µm. Tephra larger than this does not 
significantly contribute to short-term leaching in the surface water and soil. Samples were 
characterized based on morphology and dust on the ash surfaces. A small portion of each 
ash sample (~100-200 particles, > 5µm) were measured after each leaching period (before 
leaching, post 1 hr, 8 hrs, 4 days, and 8 days). The particles were then binned based on 
  21	
their sizes to measure size distribution. The changes in size distribution of the ash 
particles throughout the leaching experiment allowed the changes in geometric surface 
area to be correctly assessed. The geometric surface area (𝐴"#$) was calculated using the 
area of an inscribed cube: 
                                                            𝐴"#$ = 8𝑟(                                                            (1) 
Where r is half of the long axis measured for an ash particle. The area was calculated for 
each measured ash particle then summed and divided by the sum of the total mass of all 
the ash particles. The mass of single ash particles was calculated using the volume of an 
inscribed circle: 
                                                      𝑉 = 2
3
𝑟 3                                                              (2) 
and then multiplying it by the glass density. For these calculations the bulk density of the 
Turrialba, Redoubt, and Eyjafjallajökull ash was assumed to be about 1500 kg/m3. This 
value was determined in previous studies (Moen and McLucas, 1980; Scott and 
McGimsey, 1994; Cronin et al., 1998; Stewart et al., 2006; Langmann, 2013) which 
presented a range of dry bulk densities of 500-3000 kg/m3 depending on whether it was 
freshly fallen ash or compacted ashfall, if the chemistry was basaltic or andesitic, if there 
were crystals present, and the measurement of porosity. There was little to no 
crystallinity in the ash samples analyzed in this study, besides some adhered to the 
Turrialba ash. With the wide range of ash samples, it was decided that a density of 1500 
kg/m3 would be sufficient for calculations. Porosity varies between the Kilauea spherules 
with few internal vesicles and the more vesicular Eyjafjallajökull and Turrialba ash. Due 
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to the greater density of Kilauea, 2020 kg/m3 was used in calculations, a value previously 
determined as the average bulk density of Pele’s spherules and tears (Porritt et al., 2012). 
In previous leaching studies (Wolff-Boenisch et al., 2004; Jones and Gislason, 2008) 
geometric surface area (Brantley et al., 1999; Gautier et al., 2001) was calculated by:  
                                               𝐴"#$ = 6*⋅,-..                                                           (3) 
Where ρ is the bulk density of the ash and deff is the effective particle diameter. The value 
in the numerator represents the assumption that the particles are smooth and spherical. 
The value for deff was calculated in previous studies under the assumption of a 
homogenous (flat) particle size distribution using (Tester et al., 1994): 
                                                 𝑑#00 = ,1234,15678 91239156                                                       (4) 
where dmax and dmin represent the minimum and maximum particle size of the ash sample 
used for the leachate experimentation. This accepted calculation is not an accurate 
assumption of the geometric surface area since it assumes a homogeneous particle 
distribution, where there is an equal number of particles in each size bin. There are no 
natural samples of ash particles that are evenly distributed in terms of size. This may be a 
more appropriate assumption if the samples are milled and sieved prior to the leachate 
experiment. However, if samples are sieved and have a fixed maximum and minimum 
particle size, the calculation of deff cannot reflect the change in geometric surface area 
over time. These calculations also assume a spherical shape which minimizes the surface 
area of a particle, and does not consider any external (dust or other small surface 
particles) or internal (vesicles) complexities of the ash that significantly increases the 
  23	
surface area available to leaching. While this may reasonably apply to Kilauea's perfect 
spherules, Kilauea is an end-member in terms of ash morphology. Most ash is angular, 
imperfect, vesicular, and dusty. The geometric shape of an inscribed cube, while still far 
from natural conditions, is a better geometric representation of ash particle than a sphere 
as assumed in previous studies, since it adds more surface area. This new way to 
calculate geometric surface area is recommended for future ash leachate studies.  
The specific surface area of the ash particles before and throughout the leachate 
experiment was quantified using a Quantachrome multi-point Brunauer Emmett Teller 
(BET) method using Kr gas. Multi-point BET measurement quantifies the total surface 
area using Kr gas adsorption into the sample. The surface area is quantified five times, 
once before and four times throughout the leachate experiment. When the surface area, 
obtained by BET method, is used in the calculation of leaching rates it is assumed that all 
surfaces of the ash are available to be leached by the source water (Jeschke and 
Dreybrodt, 2002). Both surface areas are compared as a function of time and 
composition. 
6.3 Ash Leachate Experimentation: CLT 
To approximate steady state dissolution rates of volcanic ash in the natural environment, 
Column Leachate Tests (CLT) were completed to manipulate flow-through conditions 
(Figure 4). CLT were chosen for this study over batch tests, to allow the reaction to 
remain further from equilibrium as it would in nature, and most realistically recreate 
natural conditions. Both steady state (which exists in CLT) and chemical equilibrium 
(which is reached in batch tests) may produce unchanging concentrations, but during 
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chemical equilibrium the net reaction rate is approximately zero, so the rate of the 
forward  
 
Figure 4. Column Leachate Tests (CLT) for week-long experiments. Milli-Q source water is 
pumped through four Teflon tubes at a constant flow rate using a peri pump. The water travels up 
through four identical columns packed with ash sitting vertically in a thermostatic water bath. The 
water then goes out to collection for analysis or to waste.  
reaction is essentially equal to the rate of the backward reaction. Steady state exists at 
flow-through conditions (CLT) where the concentrations going into the system are the 
same as the concentrations going out (inflow = outflow). The constant flow of water in 
the CLT method prevents solution saturation state, and therefore chemical equilibrium, 
from being reached rapidly. This allows the reaction to take place far from equilibrium 
and therefore produce more accurate results (Taylor et al., 2000a). Approximately 4-6 
grams of < 200µm ash particles, unsieved (besides Kilauea), were used from each 
eruption for analysis. The ash samples were leached according to standard CLT methods 
described in the literature (e.g. Taylor et al., 2000b; Witham et al., 2005; Jones and 
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Gislason, 2008; Chichester and Landsberger, 2012). The CLT were conducted in four 
identical BioSafe FEP Teflon tubes with an inner diameter of 0.46 cm and a length of 7.5 
cm. Approximately 1-1.5 grams of dry ash was inserted into each column and mass was 
recorded. Milli-Q water was used as the leaching solute and the columns rested in a 
thermostatic water bath of 25 ± 0.2°C. The Milli-Q source water passed through the 
columns at a rate of 0.28 ± 0.1 ml/min, based on previous CLT studies (Taylor and 
Lichte, 1980; Frogner et al., 2001; Witham et al., 2005; Chichester and Landsberger, 
2012; Escudey et al., 2014; Cabre et al., 2016). Columns were positioned vertically so 
that source water entered through the bottom of the column allowing any air pockets to 
escape. Each column had a 2 µm FEP (Fluorinated Ethylene Propylene) Teflon filter at 
both the inlet and the outlet to prevent ash > 2 µm from leaving the column. Four 
identical columns were set up simultaneously so that the experiment could be stopped at 
four different times. This allowed the ash to be characterized and surface area measured 
after 1 hour, 8 hours, 4 days, and 7 days. The leachate solution was collected every hour 
for the first 8 hours (2 samples in the first hour), then every 12 hours after that for 4 days, 
then every 24 hours for another 3 days. Replicate columns allowed for 2-3 water samples 
from the same time, allowing us to know the precision of the experiment. 
6.4 Geochemical Analyses 
After the column leachate runs were completed, the resulting water was prepared for 
geochemical analyses. Cation concentrations were determined by Inductively Coupled 
Plasma-Mass Spectrometry (ICP-MS). Ca, Mg, Na, Al, and Si were the main cations that 
have been previously measured by this technique in leaching studies (Armienta et al., 
2002, Bagnato et al., 2011, Jones and Gislason, 2008). ICP-MS measures cation 
  26	
concentrations by ionizing samples with a plasma using Argon gas. These samples pass 
through a quadrupole mass spectrometer which separate the masses of ions using electric 
currents. These signals are amplified, detected one at a time, and sent to a computer. Ion 
chromatography (IC) was used to measure anion concentrations, such as F, SO42- and Cl. 
The IC measures anion concentrations by passing sample solutions through a 
chromatographic column where ions from the samples are absorbed onto the column. An 
eluent (NaOH), which is an ion extraction liquid, is passed through the column and 
separates the absorbed ions from the column. The unique retention times of the anions 
determine the ionic concentrations in the samples. Once the geochemical concentrations 
were collected, the concentrations of the leachates from each eruption were compared. 
7. Results 
7.1 Surface Area  
Over the leachate experiment, the surface area of volcanic ash changed at different rates 
over the week depending on the chemistry of the ash (Figure 5). For all samples, BET 
measured specific surface areas were 2 to 3 orders of magnitude larger than geometric 
surface areas, which will be explained in the following section. For the more silicic ashes 
(andesitic/ andesitic-basaltic) ashes such as Redoubt and Turrialba, the BET surface areas 
increased then gradually decreased, whereas for the basaltic ashes, Kilauea and 
Eyjafjallajökull decreased then gradually increased (Figure 6).  
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Figure 5. Geometric and BET surface area data for all ash samples throughout the leaching 
experiment, measured in m2/g. Geometric surface area is plotted on the primary (left) Y-axis and 
BET surface area is plotted on the secondary (right) Y-axis, and time of the leaching experiment 
is on the X-axis. The observed trends represent the disaggregation, dissolution, and weathering of 
the ash particles.  
Figure 6. BET surface areas for all ash samples over one week measured in m2/g. Time is plotted 
in days. Andesitic ashes (Turrialba & Redoubt) show an initial increasing trend in surface area 
then gradual decrease, representing disaggregation and dissolution of the ash whereas basaltic 
ashes (Eyjafjallajökull & Kilauea) show an initial decrease and then gradual increase in surface 
area, representing dissolution and then weathering of the ash particles.  
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The surface area of Redoubt ash increased from 1.17 m2/g to 1.35 m2/g over the first 
eight hours, then fell to 1.16 m2/g over the rest of the week. Although there is a maximum 
surface area between the start of the experiment and four days later, the maximum point 
may be greater than 1.35 m2/g, reached at some point between measurement times. 
Turrialba presented a similar trend increasing from 7.46 m2/g to 20.6 m2/g over 8 hours, 
then decreased to 8.59 m2/g by the end of the leaching experiment. There is likely a 
surface area maximum that was not recorded between 8 hours and 4 days of the 
experiment. Previous studies that measured specific surface area of ash reported a range 
of < 2 m2/g up to 10 m2/g (Delmelle et al., 2005; Langmann, 2013). Our results show that 
Turrialba measured twice this previous maximum, which may reflect the exceptionally 
large amount of dust and potentially small vesicles present in the analyzed ash. For the 
basaltic ashes, Eyjafjallajökull and Kilauea, the surface area initially decreased and then 
increased over the week-long experiment. Eyjafjallajökull decreased from 3.33 m2/g to 
0.83 m2/g over the first 8 hours then increased to 4.25 m2/g over the rest of the 
experiment. Kilauea ash had a similar trend of a decrease of 3.12 m2/g to 1.04 m2/g over 
the first 8 hours then increased to 3.02 m2/g over the rest of the seven-day experiment. 
The trend of seen with the Redoubt and Turrialba ashes with surface area initially 
increasing, then decreasing, is also seen with geometrically calculated surface areas. 
Measured particle size distribution allowed for a visible representation of how the 
population of particles was changing over time (Figure 7).  
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Figure 7. Measured particle size distribution, using the SEM and Image J, of Turrialba (left 
column) and Redoubt (right column) ash over one week. Frequency of particles is plotted on the 
Y-axis and binned sizes of the particles in µm is on the X-axis. Subscripts equal the time that the 
ashes were leached for. 0: Initial ash before leachate test, 1: Post 1 hour of leaching, 2: Post 8 
hours of leaching, 3: Post 4 days of leaching, 4: Post 7 days of leaching. Greatest number density 
of particles is < 20 µm for both populations.  
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This aided in calculating geometric surface areas. For most samples, there was an initial 
increase in geometric surface area over the first 1-8 hours of the experiment (Figure 8).  
 
Figure 8. Calculated geometric surface areas for all ash samples over one week measured in 
m2/g. Time is plotted in days. Geometric surface area only incorporates particles > 5 µm. All 
ashes show an initial increasing trend in surface area then gradual decrease over the remainder of 
the leaching experiment. This trend represents the disaggregation and dissolution of the ashes.  
Turrialba ash surface area increased from 0.026 m2/g to 0.11 m2/g over the first 8 hours, 
then decreased to 0.058 m2/g over the week. Redoubt increased from 0.007 m2/g to 0.027 
m2/g over the first hour, then decreased to 0.008 m2/g over the next 8 hours. The surface 
area of Redoubt ash increased to 0.021 m2/g at 4 days before decreasing to 0.007 m2/g by 
the end. Eyjafjallajökull increased from 0.015 m2/g to 0.06 m2/g over the first hour before 
decreasing to 0.035 m2/g by the end of the experiment. The Kilauea ash did not share the 
same trend as the other samples as its surface area varied only by 0.003 m2/g over the 
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leaching experiment, most likely due to its unique morphology, ranging from 0.013 m2/g 
to 0.016 m2/g. The spherules do not have angular edges or significant dust, minimizing 
readily dissolvable surfaces with a favorable hydrodynamic shape where water can easily 
flow over and around the particles.  
Imagery from the SEM clearly reveals particle alteration throughout the leaching 
experiment. Turrialba is a useful sample to understand the effect of surface area on 
dissolution rates since there is a significant change in the specific surface area over the 
leaching experiment (Figure 9).  
 
Figure 9. SEM images of Turrialba ash throughout the leaching experiment at four different time 
intervals; initially, post 8 hours, post 4 days, and post 7 days. This time series demonstrates the 
balding effect which consists of the disaggregation and dissolution of the dust particles into the 
leachate.  
Figure 9 shows SEM images of Turrialba particles throughout the leaching experiment. 
The first image shows an unhydrated ash particle before leaching. The surface of the ash 
particle is covered in dust. The second image shows a particle after it had been leached 
for eight hours. The small dusty pieces are less apparent and some of the surface 
complexities, such as small ash nodules that are likely held on by NaCl bonds, are 
revealed since the ash has begun to disaggregate. The process of disaggregation removes 
some of the dust from the ash surface and increases overall surface area per mass. After 
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four days, some bare surfaces were revealed, while smaller particles lingered in the 
crevasses. After seven days, some surfaces were bare of the dust, decreasing the overall 
surface area per mass. This “balding” effect that occurred in this SEM time series was not 
seen with all particles, but was prevalent enough to explain the measured and calculated 
trends in surface area. Once the ash particles were stripped of the surface dust (balding), 
overall surface area decreased. This pattern also occurs with Redoubt and Eyjafjallajökull 
ash samples, but Turrialba is the best model to visualize the change in surface area due to 
its high dust content. In comparison, Pele’s spherules from Kilauea weathered uniquely. 
Some of the outer shells of the spherules fractured in a mud-crack pattern (Figure 10). 
Independent of ash chemistry and technique, as the volcanic ash leached into the 
environment, surface area of the ash increased initially gradually decreased over the 
week, and eventually increased (seen with the BET surface area of Eyjafjallajökull and 
Kilauea).  
7.2 Chemistry 
Over the leachate experiment, the ash from all analyzed eruptions released halogens, 
sulfate, nutrients, and heavy metals into the source water. The mass concentrations of 
SO42-, Cl, and F from this study, aligned well with the chemistry from other studies 
(Figure 11). The collected and sampled leachate water was free from any particles; 
meaning that dust smaller than the 2 µm frit, may have dissolved into the outlet solution. 
The greatest initial concentrations of ions were released into the Milli-Q water within the 
first half hour of the leachate experiment, including SO42- (≤ 38900 µmol/kg), Mg (≤ 
19400 µmol/kg), Al (≤ 14900 µmol/kg), Ca (≤ 13500 µmol/kg), F (≤ 4050 µmol/kg), Na 
(≤ 3010 µmol/kg), and Cl (≤ 3010 µmol/kg) (Figure 12). Figure 12 shows the 
  33	
concentration, flow rate data, as well as the dissolution rates for the major elements 
released separated by eruption. 
 
Figure 10. SEM image of a Pele’s sphere after it had been leached for 1 hour. This image 
demonstrates the mud-crack weathering pattern, unique to these spherules. While this pattern was 
commonly seen in the ash after leaching, it was only observed on a small population of particles 
after the entire week of leaching.  
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Figure 11. Ternary diagram from Witham et al. (2005) showing the relative SO42-, Cl, and F 
(x10) absorbed mass concentrations from a compilation of ash leachate analyses, including the 
current study. Points from this ash leachate analysis represent the chemistry after the initial 30 
minutes of leaching. Light blue and light green dots represent the chemistry of the leachate after 
an hour for Turrialba and Kilauea respectively.   
Redoubt
Turrialba
Eyjafjallajökull
Kilauea
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Figure 12. Concentrations (µmol/kg), flow rates (mL/min), and dissolution rates (mol/m2 s) of 
major elements from all volcanic ash samples against time (days) over the week-long experiment. 
A) Redoubt, B) Turrialba, C) Eyjafjallajökull, and D) Kilauea. Rapid initial decay in 
D
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concentration and dissolution rate seen in all samples. Two chemical populations seen in Kilauea 
and potentially in Turrialba.  
The initial leachate samples (i.e. volcanic ash with source water), revealed an initial 
decrease in pH then a slight increase over the rest of the experiment (Figure 13).  
 
Figure 13. pH of volcanic ash leachates for all samples over the week-long leaching experiment 
plotted against time in days. There is an initial decrease in all samples and then a gradual increase 
towards a neutral pH towards the end of the week. This provides evidence for the dissolution of 
the acid magmatic gasses which initially dissociate to lower pH. 
Eyjafjallajökull presented the greatest change in pH over the time series. Beginning at a 
pH of 8.0 before plunging to a pH of 4.8 after 5 hours. Turrialba dropped to the lowest 
pH of the samples at 3.3 after 3 days but then increased to 5.5. With slight differences in 
timing, trends in pH are similar for Kilauea and Redoubt.  
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Far from equilibrium steady-state dissolution rates of halogens, sulfate, and major 
nutrients were calculated as a function of time using BET surface areas using:  
                                                     𝑟 = C⋅0:;	⋅	=                                                              (5) 
where C is the aqueous species concentration of the outlet solution, fr is the flow rate of 
the system, A is the specific or geometric surface area of the volcanic ash and m is the 
initial mass of the sample (Wolff-Boenisch et al., 2004). In this study, dissolution rates 
were calculated using changing BET specific surface area measurements. Most studies 
assume a non-changing surface area, but we hope to improve the calculation of these 
rates by using the evolving surface area over the leaching experiment. Regardless of the 
ion, dissolution rate had an initial rapid decay. Some ions reached steady state over the 
week whereas others did not (e.g. Al in the Eyjafjallajökull leaching record) (Figure 12). 
Some fluctuations in the dissolution rates over the week can be attributed to changes in 
flow rate. The changing flow rate did not have a significant influence on the dissolution 
rates because flow rate varied within an order of magnitude while dissolution rate varied 
over multiple orders of magnitude. The fastest dissolution rates of various ions were 
found in the Turrialba samples, which had the greatest surface area. Ash with the highest 
surface areas, and most dust, were expected to have the greatest number of leaching 
surfaces and therefore the highest dissolution rates. Taking changing surface area into 
consideration when calculating dissolution rates is of greater importance for dusty 
samples, which have a broader size distribution of particles. Note: after the leaching 
experiment had been completed for some time the leached Turrialba water precipitated 
gypsum (Appendix C).  
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The range of heavy metals that are released into the environment by leaching of ash can 
be detrimental to human and animal health. Initial accumulated concentrations after one 
hour were calculated and are shown in Figure 14. Initial accumulations (after 1-hour) of 
F (≤ 2430 µmol/kg), Cu (≤ 40.4 µmol/kg), Cd (≤ 3.83 µmol/kg), Cr (≤ 0.96 µmol/kg), Se 
(≤ 0.20 µmol/kg), and As (≤ 0.13 µmol/kg) are the main elements of health concern for 
these ashes. Some of the accumulated concentrations are above the World Health 
Organization (WHO) standards for safe drinking water (Figure 14). Kilauea ash, the 
basaltic chemical endmember, and Turrialba ash, the surface area endmember are 
consistently the ashes leaching the highest concentrations of harmful species. 
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Figure 14. Accumulated concentrations (µmol/kg) of health-relevant elements (As, Cd, Cr, Cu, F, 
and Se) after 1-hour of leaching. The solid black line represents the WHO upper limit for safe 
drinking water standards. Kilauea, the chemical (basaltic) endmember, and Turrialba, the surface 
area endmember, consistently leach the highest concentrations. 
  43	
The WHO standard for fluoride in drinking water is 79 µmol/kg. The accumulated 
concentration of F exceeded the safe drinking standards by all eruptions except Redoubt 
(Figure 15).  
 
Figure 15. Accumulated fluoride concentrations (µmol/kg) over the first day of the leaching 
experiment for all ash samples. The WHO dashed-line marks the upper limit for safe drinking 
water. Kilauea, the chemical (basaltic) endmember, and Turrialba, the surface area endmember, 
leach the highest concentration of fluoride. 
Kilauea has the greatest accumulation, followed by Turrialba, Eyjafjallajökull, then 
Redoubt. The highest concentrations are once again from the chemical and surface area 
endmembers, Kilauea and Turrialba respectively. Pure basaltic ash (Kilauea) released a 
higher amount of fluoride than andesitic/ andesitic-basaltic ash. 
7.3 Pele’s Spheres 
A dozen spherules from Kilauea were mounted in epoxy and polished to expose the 
interiors of the spherules (Figure 16).  
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Figure 16. SEM (upper) and optical microscope images (lower) of the interior of a few Pele’s 
spherules. The above SEM image correlates with lower optical microscope image below it. The 
images show the differences in the internal vesicle distribution. The images on the left show little 
to no vesicles, the middle images show some vesicles of varying sizes, and the right images show 
many vesicles with some directionality to them. The optical microscope is very helpful to analyze 
the interior of these spherules because it allows us to see through the translucent sphere.  
In a previous study, Pele’s tears (~5 mm long) from Kilauea have been exposed in epoxy 
to observe the interior and it was reported that the tears contain spherical vesicles that are 
evenly distributed throughout the body of the particles, but not at the margins, which 
have fewer, smaller vesicles (Porritt et al., 2012). The observations of the spherules in 
this study did not entirely agree with the previous results of Pele’s tears. These spherules’ 
interiors revealed non-uniform complexities. While all the vesicles were spherical, some 
spherules had large interior vesicles whereas others lacked vesicles entirely. There was 
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not a greater number density of vesicles in the center of the spherules than on the margins 
of the particles. The intact interior vesicles provided some evidence of fluid inclusions, 
and there may have been some crystalline formations inside the spheres’ bubbles, but this 
was not confirmed. 
7.4 Experimental Uncertainties  
Uncertainties in the determination of dissolution rates come from various aspects of the 
experimental and computational aspects of the study, including some error in the solution 
concentration measurement and variations in the fluid flow rates. The errors on the 
sample concentrations do not exceed  ± 10%. Fluid flow rate tended to decline over the 
week-long experiment presumably due to compaction of the ash in the column, which led 
to a varying flow rate over the experiment. It is likely, however, that a similar process 
may occur in nature as ash deposited compacts over time. Uncertainties in elemental 
concentrations were greater for more dilute samples, this was reported as a higher 
detection limit.  
As it is very challenging to correctly recreate natural conditions in the laboratory, it is 
important to highlight the limitations of this experimental set-up. As highlighted in 
Witham et al. (2005), temperature, ratio of ash to water, flow rate, and ash density are all 
factors that vary in both leachate experiments and the natural environment. It is important 
to understand what is actually being tested. As these factors change so can the dissolution 
rates, therefore altering the results of this study.  
 
  46	
8. Discussion 
8.1 Trends in BET and Geometric Surface Areas 
On the basis of the results of this study, it appears that volcanic ash morphology and 
chemical composition both affect dissolution rates of ions into the environment. Surface 
area of the volcanic ash over the leachate experiment was measured by BET analysis and 
calculated geometrically. These two methods provide the end-members of a range of 
surface areas that could be relevant to leaching rates in nature. While measured BET 
surface areas are likely an overestimate of natural conditions, calculated geometric 
surface areas are a gross underestimate of surface area. Thus, the surface areas of 
volcanic ash in natural environments are bracketed by the measured and calculated ranges 
of BET and geometric surface areas. 
BET is a measurement of gas adsorption onto solid surfaces, normalized by sample mass. 
Kr gas is adsorbed within all the external and internal complexities of the ash particles. 
BET-measured surface areas are much larger due to the incorporation of external 
complexities of the ash, such as dust, and internal complexities, such as vesicles created 
by bubbles in the melt, which make the particles porous and permeable to krypton gas 
(but not necessarily to water). BET measured surfaces areas were two to three orders of 
magnitude larger than geometric surface areas. BET measured surface areas are 
considered a better estimate than geometric surface areas due to the incorporation of 
surface complexities which have a significant control on dissolution rates (Jeschke and 
Dreybrodt, 2002). Previous studies have nevertheless used geometric surface area to 
calculate rates (Wolff-Boenisch et al., 2004) (Equation 3); assuming a homogenous 
particle size distribution (equal counts of all sizes) and a spherical particle shape. In this 
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study, there is a wide range of particle sizes with a far greater number density in smaller 
sizes (Figure 7), and the ash particles are not spherical, except for the Kilauea spherules.  
The first reason that BET surface area is much larger than geometric surface area is the 
incorporation of dust. Dust is the small end member of particle size, defined in this study 
as particles < 5 µm in the longest dimension. Dust is different from volcanic ash in that 
ash is created by fragmentation of a magmatic foam, whereas dust is interpreted to be 
created by the natural milling of particles colliding in the eruptive column before 
deposition (Rose and Durant., 2009; Langmann, 2013). As particles collide, angular 
edges of the ash break off and settle on the surface of the particle. Due to its large surface 
area to volume ratio, dust plays a major role in BET measurements, but is not counted at 
all in geometric surface area calculations, as it is too difficult to correctly measure 
particles < 5 µm, and therefore are commonly ignored. With the use of pristine 
unhydrated ash, this study characterizes the contribution volcanic dust had on overall 
surface area per mass. Typically, in leaching studies, dust particles may be sieved away 
or can be artificially created by laboratory processes such as milling, completed to obtain 
a homogenous particle size distribution, or to understand the effects of natural milling in 
the environment (Genareau et al., 2016). Dust is extremely important to quantify because 
it significantly increases overall surface area per mass, and particles with dust (high 
surface area) can be leached more rapidly than surfaces with no dust.  
The second reason that BET surface area is significantly greater than the geometric 
calculation is due to the particle’s internal complexities, which provide surface area but 
not external size. The adsorption of Kr gas on and through the ash particle is not 
necessarily representative of how water reacts with the ash in nature. It is unlikely that 
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water moves through the ash particle the same way as krypton gas due to the large 
contrast in viscosities. However, water does come into contact with some unknown 
fraction of the ash particle’s total surface and therefore can promote leaching from a 
portion of interior surfaces. If water gets stuck inside the particle, held by surface tension, 
the water would chemically behave as a batch experiment and reach saturation state 
rapidly. If this water is eventually able to escape this could release more ions, such as 
fluoride, into the water over longer time scales. This process is difficult to understand due 
to the micro-scale at which it occurs and should be a focus of future studies. 
Using geometric and BET surface area trends, the surface area of the ash particles during 
the leaching experiment is interpreted to initially increase rapidly, decrease for some 
time, and then eventually increase. If the observed trend was extrapolated past the 
measured time it would be expected that the surface area would continue to increase due 
to the continued dissolution and shrinking of ash particles and therefore decreasing mass. 
The pattern of the change in BET surface area for basaltic and andesitic ashes is 
seemingly opposite from one another. Basaltic ash surface area decreased and then 
increased while the andesitic ash increased and then decreased. Upon closer 
investigation, it appears that these ashes likely follow the same pattern, but they do so 
over different time scales. The basaltic ash surface areas changed on a much shorter time-
scale, so that the initial increase in surface area occurs before the first hour of leaching 
completes and begins to decrease after the first hour of the leaching. The initial increase 
is not shown in the BET record due to the coarse resolution of surface area data. This 
rapid change is likely because basaltic material weathers faster than andesitic material, 
and although these particles are glass, the chemical properties may cause them to behave 
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similar to crystal-bearing rock. The initial increase in surface area, seen in the BET data 
for andesitic ashes and the geometric surface area data, is interpreted to represent the 
initial disaggregation of the dust and small particles that are attached to larger particles. 
The bonds allowing ash particles to aggregate are potentially a combination of 
electrostatic forces and liquid bonds. Since some of the dust remains on the surface of the 
ash particles throughout the entire leaching experiment, the bonds adhering the dust to the 
particle are likely liquid bonds. The other evidence for liquid bonds over electrostatic 
bonds is that when the particles were analyzed under the SEM the electron beam did not 
destroy the bonds and cause the dust to move. After some time, depending on the sample, 
the initial dissolution of Na and Cl released some of the liquid salt-bonds that adhered 
dust to the surface of the ash particle (Brown et al., 2012; Mueller et al., 2016). As these 
bonds were partially dissolved by the water, some dust became loose. This loose dust 
increased overall surface area per mass, seen as the initial increase in surface area in the 
geometric surface areas for all samples and for the BET surface areas for andesitic 
samples (again it likely exists for the basaltic ashes, but is not seen in the surface area 
record). Overall surface area increased and mass remained constant, which allowed the 
overall surface area to mass ratio to increase. The liquid-bonds (NaCl) continued to 
dissolve over the week creating the balding effect that is seen in the SEM images of 
Turrialba ash (Figure 9). The smallest dust particles, which detached from the larger 
particles, are preferentially dissolved into the leachate. Small dust particles contribute a 
great deal of surface area per mass, but as soon as they dissolve completely, their 
contribution to surface area is eliminated, and thus surface area to mass ratio rapidly 
decreases. At that point, larger particles continue to shrink, thus increasing the overall 
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surface area to mass ratio. The BET method of analyzing surface area is critical to 
understand this process because this method accounts for the entire range of particle 
sizes. 
The surface area trends are consistent between BET and geometric surface areas for the 
andesitic ashes but not for Eyjafjallajökull and Kilauea ashes. This is likely because the 
geometric surface area only takes into account particles > 5 µm and only 150-200 
particles were measured versus BET surface area which quantifies an entire gram of ash, 
potentially millions or more ash particles. 
8.2 Metal Salts and Glass Dissolution 
Results of this study showed how dissolution rates of major ions decayed rapidly, with 
some elements reaching a steady state dissolution rate after about an hour of the 
experiment. In part, the rapid decay in rate can be attributed to the soluable metal salts 
(which can be strong acids) on the particle’s surface which dissolve into the water and 
dissociate to lower pH (Óskarsson, 1980; Smith et al., 1982; Frogner et al., 2001; Jones 
and Gislason, 2008). Evidence of acid formation can be seen in the initial drop in the pH 
record (Figure 13). It can also be seen in the two chemical populations clearly evident in 
the Kilauea record and somewhat in Turrialba (Figure 12). High initial surface areas of 
fresh leachable surfaces also contribute to the initial rapid decay of rates. Dust on the 
particle’s surfaces initially provides a large amount of surface area to be leached. There is 
greater evidence that surface area has a stronger control on the rapid decay (and therefore 
dissolution rates), over soluble metal salts, as there is a large number density of small 
particles > 20 µm contributing to surface area, versus in the chemical record which there 
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is only strong evidence for the dissolution for a second population of chemical 
interactions (metal salts versus glasses) for Kilauea. Once the surface dust is leached and 
there are no more readily available leachable surfaces, many ions reach steady state. 
During the initial period of rapid leaching (first hour), surface area increases due to 
disaggregation. However, disaggregation continues far longer than the initial rapid 
leaching event. The decrease in leaching rate due to depletion of leachable ions from 
grain surfaces exceeds the addition of new surface area for leaching provided by 
disaggregation.  
Although some dissolution rates reach a background steady state rapidly, there are some 
small variations on the longer-term, week-long scale. Some of these variations can be 
attributed to flow rate. Flow rate slowed for all samples, sometimes from initial 
conditions of ~ 3 ml/ min to as low as ~ 0.05 ml/min. Throughout the experiment ash 
compressed in the columns making it more difficult for water to pass through. Similar 
issues with the flow rate have been reported in related studies (Jones and Gislason, 2008). 
Although this may have been a factor in long term rates it is not overall significant as 
concentrations range over a few orders of magnitudes whereas flow changes within an 
order of magnitude. 
8.3 Environmental Implications 
There is potential for short-term flora and fauna poisoning from volcanic leachates. 
Source water is most influenced by volcanic leaching, and is potentially unsafe for human 
or animal consumption, at the very beginning of the leaching when dissolution rate is 
highest. This would occur during the first rain event after deposition or during deposition 
into surface water. Ions detrimental to human health present in the ash-leachates include 
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F, Cu, Cd, Cr, As, and Se. While at most times throughout the leaching experiment the 
accumulated concentrations of ions (Cu, Cd, Cr, As, Se) fell below the World Health 
Organization (WHO) standards for safe drinking water, the ions remain in the 
environment and concentrations continue to accumulate from past and future eruptions. 
Therefore, there may be a significant health risks in active volcanic regions and water 
should be monitored for toxic levels from previous, current, and future eruptions.  
Fluoride provides an excellent example of potential water contamination by ash 
leachates, particularly from basaltic Kilauea ash in this study. The WHO standard for 
fluoride in drinking water is 79 umol/kg. This level was exceeded by leachate from all 
eruptions except Redoubt. There is significantly more F present in the pure basaltic 
Kilauea ash. High levels of F can potentially harm organisms with tissue including 
humans and animals, as chronic exposure to F leads to skeletal and dental fluorosis. This 
should be seriously considered in volcanic regions, especially in Hawaii and other areas 
subject to basaltic ash leaching. This also has implications for basalt rock weathering. A 
study completed in Northwestern Iran measured elevated concentrations of fluoride in 
groundwater coming from a basalt-alluvium aquifer (Moghaddam and Fijani, 2009). 
Although this study demonstrates that there is a linkage between basaltic weathering and 
high levels of fluoride, the main source of fluoride in groundwater is from minerals such 
as fluorite, fluorapatite, micas, amphiboles, topaz and rock phosphate and generally it has 
been found that basaltic rocks have a lower proportion of fluoride than granites (Hussain 
et al., 2004; Moghaddam and Fijani, 2009). We also see a high amount of F in the more 
silicic Turrialba ash. Independent of chemical composition of ash, fluoride has 
consistently proven to be a significant health concern in volcanic regions.  
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Although toxic waters can lead to poisoning of flora and fauna, the ash leachates also 
release nutrients such as N, P, K, Mg, Ca, and Fe that can lead to long-term fertilization 
in soils and short-term fertilization in the ocean. In the ocean, nutrients are rapidly 
consumed by phytoplankton since Fe is often a limiting nutrient in the ocean. Although it 
has been shown that an eruption can provide a concentrated release of Fe, the benefits 
will not last long after the supply of ash ceases. In soils, bioaccumulation of Mg, Ca and 
K allow the nutrients to remain in the area. This is seen in the formation of fertile 
volcanic soils which are used to grow important crops, such as coffee.  
The environmental impacts reported in this study can be interpreted as an analog to 
natural conditions. The flow rate of 0.3 ml/min through the column used in this study, 
represents a percolation rate into the soils of 16 mm/hr. This rate represents a realistic 
percolation rate as rates near Turrialba volcano ranged from ~ 10-30 mm/hr (Toohey et 
al., 2018). Steady flow through a column best represents soil percolation or initial ash 
deposition into surface water. This is preferred over batch experiments, which would 
represent a static body of water that has no inflow or outflow. 
9. Conclusions 
Volcanic ash releases ions into surface water that can lead to both contamination and 
fertilization of natural and managed ecosystems. This can temporarily render surface 
water toxic to both humans and animals. The rate of leaching into the environment is 
controlled by both physical (surface area) and chemical (composition) characteristics of 
volcanic ash. When exposed to water, the volcanic ash has a rapid initial dissolution rate 
due to both a high number density of small particles and metal salts, which may decay to 
a background steady state dissolution rate in under an hour. Some of the dissolution rates 
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of ions from the glasses occur over a longer period, and some of them did not reach 
steady state in the week-long experiment. Surface area was measured by BET and 
calculated geometrically, and it was concluded that the change in surface area for basaltic 
ashes occurred on a shorter time scale than the andesitic ashes. It was also determined 
that the dissolution rates calculated with BET surface area were the more realistic 
estimate of natural conditions due to the inclusion of external and internal particle 
complexities. Chemically, although both the andesitic and basaltic ashes leach a wide 
range of ions, in this study it was found that basaltic ash from Hawaii leaches the highest 
concentration of fluoride, although the F from the dusty Turrialba ash was significant as 
well. These high levels of fluoride exceed the WHO standard for safe drinking water and 
pose a serious threat to both humans and livestock who may consume this water.  
The experimental results from the Column Leachate Tests can inform new and previous 
volcanic leachate models (Stewart et al., 2006), and provide a basis for assessing 
environmental impacts of a chemically broader range of volcanic eruptions around the 
world. Models can lead to better preparation for, and mitigation of, surface water 
contamination from current and future eruptions.  
 
10. Future Research  
Leachate studies, although expanding, still have a way to go before obtaining a complete 
understanding of chemical and physical interactions of volcanic ash with the 
environment. Volcanic dust is an important factor revealed in this study that is still not 
well understood. In this study, we suggest that dust is created by the milling of ash 
particles in the eruptive column, which then adheres onto the surface of the ash particles. 
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This has yet to be tested and confirmed. How is dust actually formed? We know that 
some of the dust and small particles dissolve into the leachate, but not all do. This could 
be due to the time frame on which the leachate experiment was completed. How much of 
the dust dissolves? Is there a way to trap and isolate dust so it can be tested in the 
laboratory? Is dust most prevalent on ash that comes from highly explosive eruptions 
within high ash columns? If this is the case then highly energetic eruptions are not only 
dangerous due to their explosiveness but because of their potential to produce highly 
dusty particles and therefore result in higher initial dissolution rates.  
Another area of many unknowns is the mechanisms that allows ash to aggregate. How do 
ash aggregates bond, and how does it change throughout a leaching experiment? Is it a 
combination of both electrostatic forces and liquid bonds?  
Another unknown in this field is how far into the particle’s interior water penetrates 
under natural conditions and thus, how much is available to leaching. It would also be 
instructive to perform this study’s methods on highly vesicular, rhyolitic ash. Fresh ash of 
this sort is very difficult to obtain due to the explosive and dangerous nature of eruptions 
that produce it. Hopefully in future studies some of these questions can be addressed to 
better understand the geochemical influence of a range of ash compositions and surface 
areas on the ecosystem and help provide an improved understanding of volcanic ash-
ecosystem response. 
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12. Appendices 
 
Appendix A. Fluxes of Al and Si from the Jones and Gislason (2008) leaching experiment of 
volcanic ash in de-ionized water. Flux results from this study are overlaid on the figure. 
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Appendix B. Measured particle size distribution, using the SEM and Image J, of 
Eyjafjallajökull (left column) and Kilauea (right column) ash over one week. Frequency 
of particles is plotted on the Y-axis and binned sizes of the particles in µm is on the X-
axis. Subscripts equal the time that the ashes were leached for. 0: Initial ash before 
leachate test, 1: Post 1 hour of leaching, 2: Post 8 hours of leaching, 3: Post 4 days of 
leaching, 4: Post 7 days of leaching. Greatest number density of particles is < 20 µm for 
both populations. 
 
0
10
20
30
40
50
Fr
eq
ue
nc
y
Size (μm)
0
20
40
60
80
100
120
Fr
eq
ue
nc
y
Size (μm)
0
20
40
60
80
100
120
Fr
eq
ue
nc
y
Size (μm)
0
20
40
60
80
100
120
Fr
eq
ue
nc
y
Size (μm)
0
20
40
60
80
100
120
140
Fr
eq
ue
nc
y
Size (μm)
0
10
20
30
40
50
60
70
80
90
Fr
eq
ue
nc
y
Size (μm)
0
20
40
60
80
100
120
Fr
eq
ue
nc
y
Size (μm)
0
10
20
30
40
50
60
70
80
90
100
Fr
eq
ue
nc
y
Size (μm)
0
5
10
15
20
25
30
35
40
Fr
eq
ue
nc
y
Size (μm)
0
10
20
30
40
50
60
70
80
Fr
eq
ue
nc
y
Size (μm)
E0
E1
E4
E3
E2
K0
K1
K4
K3
K2
  67	
 
 
 
Appendix C.  SEM images of the gypsum Turrialba precipitated weeks after the leaching 
experiment. Gypsum chemistry was confirmed using EDS.  
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Appendix D. Chemical concentrations from ICP-MS and IC. BET and geometric surface 
area data. Mass, pH, and flow rate data. Calculated flux data and dissolution rates 
calculated with both BET and geometric surface areas: Attached as supplemental data 
files 
Appendix E. Column leachate test data from Redoubt, Turrialba, Eyjafjallajökull, and 
Kilauea: Attached as supplemental data files 
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